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ABSTRACT: PRZM was employed to simulate deep leaching of three fumigant
chemicals beneath a central Oahu pineapple field. Our results suggest that PRZM,
although not deployed here within the range of conditions for which the model
was developed, can be a useful tool for making pesticide leaching assessments in
Hawaii.
pineapple growers to control nematode popu-
lations; both DBCP and EDB are volatile fu-
migants while TCP is an impurity in a third
fumigant known as DD (a mixture of 1,3-
dichloropropene and 1,2-dichloropropane).
For more than 30 years it was generally
believed that pesticides used by the pineapple
industry in Hawaii would not leach beyond
the near-surface zone. This conclusion was
based on the high volatility and sorption of
fumigants in the surface soils. However, mea-
sured concentrations of DBCP, EDB, and
TCP down to 30 mat several locations proved
the original assessment wrong and resulted in
an urgency to know if the replacement chemi-
cals used today will also leach to significant
depths. Mathematical models with appropri-
ate input data for local situations constitute
a rational approach for assessing chemical
leaching under a wide range of soil and cli-
matic conditions.
This paper is the second part of a two-part
series in which an institutional model, known
as the Pesticide Root Zone Model (PRZM),
was tested for the special case of pesticide
leaching in structured Hawaii soils under pine-
apple culture. In the first paper (Loague et al.
1989), we reported on the ability ofPRZM to
predict observed concentration profiles for
EDB. The simulations reported here differ
from those in the first paper in several ways:
(1) a superior scheme was used to disaggregate
rainfall from monthly to daily values; (2) deg-
of radation was considered for some EDB simu-
of lations; (3) supplemental hydrogeologic data
were used for some EDB simulations; and (4)
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AN ENVIRONMENTAL ISSUE of national concern
is nonpoint-source pollution of key regional
groundwater systems by organic chemicals. A
major cause of this kind of contamination is
leaching of agricultural chemicals in aquifer
recharge areas. This type of problem is magni-
fied for insular systems, like those in Hawaii,
because an alternative potable water supply is
usually not readily available.
The freshwater lens ofan oceanic island is a
precious commodity and requires protection.
It is not always possible to foresee what activi-
ties will harm such a system. For example,
trace amounts of 1,2-dibromo-3-chloropro-
pane (DBCP), ethylene dibromide (EDB),
and 1,2,3-trichloropropane (TCP) were re-
cently discovered within the Pearl Harbor
aquifer on the island of Oahu (Oki and Giam-
belluca 1987). Each of the detected chemicals
can be linked to soil fumigants employed by
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FIGURE I. Location of the Pearl Harbor aquifer on
Oahu (indicated by stippled area).
Cases
We used PRZM to simulate pesticide mo-
bility at 4201a for six separate cases: A, base
case; D, volatilization; E, degradation; F,
volatilization and degradation; G, detailed
characterization of soil/saprolite profiles
(Miller 1987); and H, new base case. Table 2
summarizes the experiments reported in this
study. Case A includes sorption, dispersion,
I). The cross-sectional geometry for a typical
set of pineapple beds from 4201 is illustrated
in Figure 2. Fumigation dates and rates for
4201 are listed in Table 1. Observed concen-
tration profiles of DBCP, EDB, and TCP for
a particular 4201 site known as 420la are
shown in Figure 3 for 1983 and 1985. Near-
surface soil organic carbon data were col-
lected for this study to supplement the infor-
mation used in the first part of the investiga-
tion (Loague et al. 1989). Figure 4 shows aver-
age organic-carbon values for nine auger holes
surrounding 4201a. The organic-carbon dis-
tribution coefficient (m3 kg-1 ) values used for
DBCP, EDB, and TCP in this study are 3.0 x
10-2,5.7 X 10-3, and 7.8 x 10-3 , respectively.
The DBCP value was measured by Williams et
al. (1988) for Hawaiian conditions. The EDB
and TCP values were estimated from the ratio
of the octanol-water content and organic-
carbon distribution coefficients for DBCP and
the EDB and TCP octanol-water content co-
efficients.
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MATERIALS AND METHODS
concentration profiles were simulated for
DBCP and TCP.
PRZM (Carsel et al. 1984) was developed
by an interdisciplinary group of EPA scientists
to simulate one-dimensional transport of a
single pesticide within, and at shallow depths
below, the unsaturated root zone. The two
major components of PRZM, utilized in this
study, are a water-balance algorithm and
a chemical-transport algorithm. The water-
balance algorithm is made up of three simple
equations that partition water within and be-
tween the surface, the active root zone, and
the remainder of the unsaturated zone. The
elements of the water balance include precipi-
tation, interception, evapotranspiration, run-
off, and recharge. The water-balance calcula-
tions are performed on a daily time step.
The chemical-transport algorithm ofPRZM
is an implicit finite-difference approximation
to the one-dimensional advection-dispersion
equation. Solution of the transport equation
necessitates soil water content and velocity
values throughout the soil profile at each time
step. These values are passed to the chemical-
transport algorithm from the water-balance
algorithm. The form of the advection-
dispersion equation employed by PRZM in
this study also includes the effects of sorption
and degradation.
PRZM was not designed to simulate pesti-
cide movement over the extended depths in-
cluded in this study. The structure of PRZM
is best suited to areas that are dominated by
deep, well-drained sands where the water table
is near the surface. These conditions are not
met for the pineapple fields in Hawaii. With
this limitation in mind, we have applied PRZM
beyond its intended range to determine if the
model can provide reasonable estimates of
pesticide mobility over multiyear periods. A
brief review ofPRZM, as applied to this study,
is given by Loague et al. (1989). A complete
description of the model is outlined by Carsel
et al. (1984).
Pineapple field 4201 is located within the
Pearl Harbor watershed near Mililani (Figure
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FIGURE 2. Cross-sectional geometry for two pineapple beds.
TABLE I
a A 5% active ingredient of TCP is assumed for DD (Carter
1954).
FUMIGATION DATES AND ApPLICATION RATES FOR
FIEW 4201
APPLICATION RATE
(kgjha)
geologic characteristics of4201a used to excite
PRZM for cases A and D are given in Tables
3 and 5 of Loague et al. (1989).
Cases E-H are new to this study. Case E is
identical to case A except that degradation is
considered. The pesticide decay rate coeffi-
cient for EDB is taken as 0.005 days-l, uni-
formly with depth, for this study. This value
was determined by integrating under both the
1983 and 1985 EDB concentration profiles for
4201a and assuming that the difference in mass
was due solely to degradation. Case F is the
same as case D except that degradation is also
included. Case G utilizes supplemental hydro-
geologic information reported by Miller (1987)
that was not available when the original analy-
ses were conducted. Case G parameter values
different from those in case A are listed in
Table 3. Case H is described in the discussion
section.
22.51
26.83
26.96
27.94
30.05
29.09
26.12
31.99
TCP"EDB
241.37
DBCP
71.16
78.93
104.99
112.76
138.04
APPLICATION DATE
25 May 1950
2 September 1953
5 April 1957
2 June 1960
10 July 1964
16 June 1968
1 July 1972
28 September 1976
1 September 1981
and unrestricted drainage. Cases Band C,
reported by Loague et al. (1989), considered
the effects of setting the dispersion coefficient
to zero (case B) and restricted drainage (case
C). Cases D-F are modifications to the base
case. The near-surface hydrologic and hydro-
Volatilization
Each of the three fumigants of concern in
this study has a relatively high Henry's law
constant and therefore they are likely to evapo-
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FIGURE 3. Observed DBCP, EDB, and TCP concentration profiles for 4201a (after Oki and Giambelluca 1985).
The + and 0 represent 1983 and 1985 measurements, respectively. The 1983 and 1985 measurements were made,
respectively, by the Hawaii State Department of Agriculture and the Water Resources Research Center at the
University of Hawaii.
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FIGURE 4. Near-surface organic-carbon profile for
4201a.
rate to the atmosphere. PRZM, however, has
no vapor-phase component and subsequently
cannot account for volatilization. Because
PRZM is not well suited for volatile chemicals
TABLE 2
SUMMARY OF PRZM SIMULATIONS
CASE"
CHEMICAL A D E F G H
DBCP X
EDB X X X X X X
TCP X
• A, base case; D, volatilization; E, degradation;' F, volatiliza-
tion and degradation; G, detailed characterization of soil/saprolite
profiles; H, new base case.
we have elected here to estimate short-term
volatilization effects with a separate model.
The vapor-phase model developed by Green
et al. (1986) was selected to simulate residual
pesticide concentrations. The results from the
preprocessing were in turn used as input for
PRZM to more realistically approximate ini-
tial conditions for the volatile chemicals.
Application of the three pesticides at 4201
was done by chisel injection under plastic
mulch (see Figure 2). Immediately after injec-
tion, the fumigants are in the form of a line
source. These systems are symmetrical; there-
fore, the two-dimensional model of Green et
al. (1986) is sufficient to simulate initial mixing
of residues in the top soil cross-sectional plane.
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TABLE 3
SOIL PARAMETERS FOR 4201a (ADAPTED FROM MILLER 1987)
DEPTH
(m)
0.0- 2.0
2.0- 3.5
3.5- 5.5
5.5- 7.0
7.0- 8.5
8.5-11.0
11.0-13.0
13.0-15.0
15.0-20.0
0.5-20.0
BULK DENSITY
(kg m- 3 )
1,140
1,020
1,210
1,210
850
980
1,090
990
990
1,270"
SOIL WATER-FIELD CAPACITY
(dimensionless,
assumed at 33 kPa)
0.53
0.60
0.49
0.50
0.63
0.57
0.54
0.62
0.57
0.42"
SOIL WATER-WILTING POINT
(dimensionless,
assumed at 1.5 MPa)
0.45
0.51
0.35
0.37
0.43
0.43
0.44
0.38
0.40
0.25"
Q Values used for case A (Loague et al. 1989).
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FIGURE 5. Distribution ofresidues for (left) DBCP, (middle) EDB, and (right) TCP 14 days after application.
Recharge under pineapple crops is usually
minimal when fumigants are applied. There-
fore, initial mixing is accomplished by the
action of vapor-phase diffusion. The total
amount of residue in the soil is partitioned
between the vapor, liquid, and solid (sorbed)
phases. The lateral spreading and loss by vola-
tilization of pesticides depend, in general, on
the sorption coefficient and the Henry's law
constant.
The effective diffusion coefficient in the
governing equation of the two-dimensional
model (Green et al. 1986, Loague et al. 1989)
is a function of chemical (sorption coefficient,
Henry's law constant) and soil (soil water, air-
filled porosity, bulk density) parameters.
Among these parameters, the sorption coeffi-
cient is the most important in determining
initial mixing and volatilization (Green et al.
1986). For the present study the sorption coef-
ficients (m3 kg-I) for DBCP, EDB, and TCP
for 4201a were estimated to be 1.2 x 10-3 ,
2.2 X 10-4 , and 3.0 x 10-4 , respectively, using
the organic-carbon distribution coefficients
for the three pesticides and the or-ganic-carbon
contents shown in Figure 4. The values of the
other parameters are the same as given by
Loague et al. (1989).
Figure 5 shows the distribution of residues
for DBCP, EDB, and TCP in the top 0.4 m of
soil at the end of2 weeks after fumigant appli-
cation. The average concentration of residues
calculated from these distributions was used
as initial values for the PRZM long-term simu-
lations. A time of 2 weeks was used for initial
mixing because a reasonably uniform lateral
distribution of fumigant residues was achieved
and the further reduction of residue con-
centration after this time became rather
small.
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Rainfall
Daily rainfall inputs for PRZM were esti-
mated from monthly data. The monthly rain-
fall data were estimated from nearby rain
gauge data. Three schemes were used to con-
vert monthly information into daily data for
various simulations: I, monthly totals applied
to the first day of the month; II, monthly
totals spread uniformly over each day of the
month; and III, monthly totals disaggregated
to daily with a first-order Markov chain
model. Pan evaporation data were also disag-
gregated for this study. Monthly evaporation
totals were either applied to the first day ofthe
month or spread uniformly over each day of
the month. The former approach was used
with rainfall scheme I while the latter approach
was used with rainfall schemes II and III.
The rainfall disaggregation model used in
scheme III was developed by Giambelluca
and Oki (1987). To simulate daily rainfall and
at the same time utilize the information pro-
vided by the estimated monthly rainfall totals,
a nondimensionalized parameter Y is used:
Y = pdp;;l
where Pd is daily rainfall (mm day-l ) and Pm is
monthly rainfall (mm day-l). The chain of
dimensionless Y values can subsequently be
multiplied by the monthly rainfall to obtain a
simulated daily rainfall chain. The probability
density functions and transitional probability
matrices, the primary components of the
Markov chain model, were estimated from a
sample of daily rainfall at a nearby station.
The Weibull distribution was found to ade-
quately fit the sample data and was used in the
simulation. The continuous Weibull distribu-
tion was divided into nine discrete non-zero
rainfall ranges for each oftwo seasons. Values
of Y were simulated with the use of a random
number generator. Daily rainfall depths were
determined as the product of Y and the
monthly rainfall.
The scheme III disaggregation model en-
abled us to produce stochastic daily rainfall
sequences each of which sum to the estimated
monthly rainfall total. For a given month, any
number of realizations of daily rainfall se-
quences could be generated. Five daily rainfall
simulations were computed for each month to
examine the effects ofdifferent realizations on
solute transport predictions. Although the
simulated daily rainfall possesses the same fre-
quency distribution and autocorrelation as
the historical rainfall of the region, the model
cannot reproduce the actual sequence ofevents
during any given month. The advantage of
this approach is that in the absence of mea-
sured daily rainfall, likely sequences of daily
rainfall can be generated from monthly rain-
fall. The model makes use of all available
information including regional daily rainfall
characteristics and known monthly rainfall
totals.
The five rainfall time series realizations were
employed separately as input for PRZM simu-
lations. The five resulting concentration pro-
files were averaged for a final concentration
profile. An example of component and aver-
aged concentration profiles is shown in Figure
6. Rainfall scheme III was the primary pro-
cedure used in this study to glean daily data
from monthly data. The disaggregation ap-
proach is not suggested as a replacement for
daily measurements. We used scheme III to
estimate information that can never be truly
known unless it is measured.
RESULTS
The PRZM simulations reported here were
each for a depth of20 m. The space increment
throughout the profile for this study was 0.1 m.
The decision to limit predictions with PRZM
to the 20-m depth was based on the charac-
teristics of the observed concentration pro-
files, computer costs, and the large number of
simulations attempted. We feel that the 20-m
depth is more than sufficient to characterize
the general nature of the model performance.
The observed and predicted concentration pro-
files reported here, for various years, are all
for the month of September. Much of the
effort in this study was placed on EDB be-
cause there was only a single application of the
chemical and because concentration profiles
were measured on two dates after the applica-
tion. Both DBCP and TCP (DD) were applied
several times before the concentration profiles
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FIGURE 6. (a) Five EDB concentration profiles resulting from five separate rainfall scheme III realizations. (b)
Average EDB concentration profile resulting from component EDB concentration profiles in (a).
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FIGURE 7. Predicted EDB concentration profiles for 420la for case A for rainfall schemes I, II, and III for 1983 and
1985.
were measured, making the interpretations
for these chemicals more difficult than those
for EDB.
Figure 7 illustrates the consequence ofeach
of the three rainfall schemes for predicted EDB
concentration profiles. Figure 8 presents once-
a-year predicted EDB concentration profiles
for cases A and D-F for a 4-yr period starting
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FIGURE 8. Predicted EDB concentration profiles for 420la for case A, D, E, and F for rainfall scheme III for
1981-1985. Note that each graph has a different range of concentrations.
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FIGURE 9. Composite overlays of predicted EDB concentration profiles for 420la for cases A, D, E, and F for
rainfall scheme III for 1983 and 1985 versus observed data. Note that different units are used for the various curves.
just after the application date. Figure 9 shows
composite overlays of predicted and observed
EDB concentration profiles. Figure 10 sum-
marizes predicted concentrations of DBCP
andTCPat 10mforcaseD. Figures 11 and 12
present one-a-year predicted DBCP and TCP
concentration profiles, respectively, for case
D. Figure 13 shows predicted and observed
DBCP and TCP concentration profiles for
case D. Figure 14 shows an overlay of pre-
dicted EDB concentration profiles for cases A
andG.
Inspection of Figures 7-14 leads to the fol-
lowing comments:
I. Simulated chemical leaching is at a slower
rate for scheme I than for schemes II and III
(see Figure 7). The depth of the maximum
concentration peak at a given time is similar
for schemes II and III. The concentration peak
for scheme III is between that of schemes I
and II. Scheme I results in lower predicted
recharge (Loague et al. 1989) whereas schemes
II and III more closely represent perceived
recharge conditions. We feel that scheme III
is the most realistic of those tested and that
scheme II is generally superior to scheme I.
Scheme I is similar to a monthly water balance
model, which would tend to underestimate
recharge.
2. The combined effects ofinitial short-term
volatilization and long-term degradation are
considerable when compared with simula-
tions that do not account for these processes
(see Figure 8). For example, EDB concentra-
tion peaks are reduced by several orders of
magnitude from case A to case F when both
volatilization and degradation are considered.
It appears, at least for EDB at 4201a, that
accounting for degradation reduces the re-
sidual error more than preprocessing for vola-
tilization (see Figure 9). The simulation sce-
nario that best describes the 1983 observed
concentration profile is the one that includes
both volatilization and degradation (case F).
For 1985, however, the better fit is from the
simulation that includes only degradation
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DATE
FIGURE 10. Predicted concentrations of DBCP and
TCP for 420la at 10 m for case D for rainfall scheme III.
application of the same chemical. These simu-
lations, very generally, suggest that the center
of mass is leaching at a rate of approximately
2.5 m per year. Of course, the fronts and tails
of these concentration profiles are moving
faster and slower, respectively, than is the cen-
ter of mass, thus spreading out the profiles
and causing them to eventually overlap. The
predictions reported here for multiple appli-
cation simulations, which cover 25 and 35
years for DBCP and TCP respectively, are in
general not bad. This conclusion is based solely
upon comparisons of the observed and pre-
dicted concentration profiles shown in Figure
13 for the two chemicals on two separate dates.
4. The concentration profiles shown in Fig-
ure 14 for cases A and G are somewhat dif-
ferent. The data used for these two simula-
tions are identical except for those identified
in Table 3. The bulk density is lower for case G
than for case A while the field capacity and the
wilting point are higher for case G than for
case A. The variability in the case G data does
not appear to have any spatial structure. The
case A simulation, when compared to the case
G simulation, estimates a smaller peak con-
centration but a faster moving front. These
differences are obviously important for any
assessment of pesticide mobility.
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(case E). The observed EDB concentrations
were, respectively, lower in 1983 and higher in
1985, than the case E predictions for those
years. This suggests that the decay rate coeffi-
cient is set too low initially and too high a few
years postapplication. Alternatively, this re-
sult may be due to an increase in EDB sorp-
tion over time as was observed by Green et al.
(1986) for DBCP. Degradation rates will of
course change with time. The sparse data used
here do not allow for consideration of time-
dependent degradation or sorption.
3. The lags between application dates and
concentration peaks at 10 m for DBCP and
TCP (see Table 1 and Figure 10) are well
correlated. At this depth it is easy to identify
individual events. The center ofmass for either
DBCP and TCP concentration profiles in Fig-
ures II and 12, for a given application, is at
approximately 10 m at the time of the next
DISCUSSION
The PRZM simulations reported here are
laced with uncertainty. In general, there are
three sources of error inherent to pesticide
mobility estimates (Loague et al. 1988): (1)
model error; (2) input error; and (3) parameter
error. The intent of a modeling exercise such
as this one should be to minimize or at least
recognize these sources of uncertainty and to
determine what the consequences may be. To
investigate the impact of input and parameter
errors for the PRZM simulations reported
here, several sensitivity experiments were per-
formed. Figure 15 shows the results for EDB
simulations with plus and minus 10% errors
in: (a) daily rainfall values, (b) the distribution
coefficient, (c) volatilization rates, (d) the de-
cay-rate coefficient, (e) the hydrodynamic dis-
persion coefficient, and (f) the runoff curve
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numbers. The standard for the simulations
shown in Figure 15 is the new base case (case
H). Case H is modified from case G by in-
cluding both volatilization and degradation
and is probably our best representation of
420la with an uncalibrated PRZM. It is quite
obvious that the largest impacts to the EDB
concentration profile are caused by errors in
the decay-rate coefficient and that errors in
both the daily rainfall values and volatiliza-
tion rates have some effect on predicted con-
centration peaks. The distribution coefficient
and the runoff curve numbers are fairly for-
giving for the range tested here. These results
suggest that degradation, recharge, and vola-
tilization are the most important processes to
characterize for simulating EDB mobility at
420la, and that sorption, dispersion, and run-
off are less important for this particular case.
Degradation is not considered for the ex-
tended DBCP and TCP simulations with
PRZM in this study. Decay-rate coefficients
for these chemicals were not available. This
could be considered a form of model error
because a known process is being ignored.
Degradation of EDB on the other hand was
crudely estimated as a constant over a specific
interval that was shorter than the total simu-
lation period. The actual rate is almost cer-
tainly not a constant. This probably resulted
in an overestimate of degradation when this
rate was used for the entire simulation. Pa-
rameter error such as this will propagate even
more as the simulation length is increased.
Characterizing decay-rate coefficients for
simulation of multiple pesticide applications,
such as those for DBCP and TCP, could be-
come quite complicated if concentration pro-
files were overlapping.
CONCLUSIONS
Mathematical models designed to simulate
transient soil water movement and solute trans-
port in unsaturated soil and hydrogeologic
environments, subjected to nonuniform re-
charge rates, are timely tools for predicting
pesticide mobility and can therefore be useful
for asking "what if" questions and assess-
ing groundwater contamination hazards. The
primary limitation of deterministic-conceptual
simulation for pesticide leaching is scarce data.
The measured DBCP, EDB, and TCP con-
centrations for 420la on two separate dates
provide an excellent opportunity to investi-
gate the predictive capabilities of PRZM. It
was not our intention in this paper to rigor-
ously calibrate and validate PRZM and then
predict future migrations ofDBCP, EDB, and
TCP for 4201a. We have elected here, as in the
first part of this study (Loague et al. 1989), to
examine PRZM in an uncalibrated mode to
highlight the characteristics of the model
rather than perform yet another curve-fitting
analysis.
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EDB (mg/kg)
o 2 4 6 8
cially in Hawaii. PRZM is only concerned
with a single mobile phase and does not allow
for consideration of preferential flow. It may
be possible to improve the performance of the
model with some kind of mobile/immobile
partitioning.
FIGURE 14. Comparison of predicted EDB concentra-
tion profiles for 420 Ia for cases A and G for rainfall
scheme III for 1983.
In this paper we show that deep leaching of
DBCP, EDB, and TCP is reasonably well pre-
dicted with PRZM at a single well-charac-
terized site. We cannot, however, suggest that
PRZM should be used in Hawaii for decision/
management purposes until further testing has
been conducted. The chemical and transport
processes for volatilization, degradation, and
preferential flow are not well defined. Signifi-
cant amounts of a volatile chemical can be
displaced by volatilization. PRZM has the
potential for modeling the movement of
volatile chemicals in soil, using a short-term
preprocessing approach, but the model is far
more appropriate for nonvolatile chemicals.
Degradation kinetics must also be accurately
simulated ifPRZM-predicted results are to be
realistic. Characterizations ofdecay-rate coef-
ficients with depth are urgently needed for
future work. Finally, fluid flow and solute
transport through structured soil and frac-
tured near-surface rock is an important, and
as of yet unresolved, area of research, espe-
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